Eating is a learned process. Our desires for specific foods arise through experience. Both electrical stimulation and optogenetic studies have shown that increased activity in the lateral hypothalamus (LH) promotes feeding. Current dogma is that these effects reflect a role for LH neurons in the control of the core motivation to feed, and their activity comes under control of forebrain regions to elicit learned food-motivated behaviors. However, these effects could also reflect the storage of associative information about the cues leading to food in LH itself. Here, we present data from several studies that are consistent with a role for LH in learning. In the first experiment, we use a novel GAD-Cre rat to show that optogenetic inhibition of LH g-aminobutyric acid (GABA) neurons restricted to cue presentation disrupts the rats' ability to learn that a cue predicts food without affecting subsequent food consumption. In the second experiment, we show that this manipulation also disrupts the ability of a cue to promote food seeking after learning. Finally, we show that inhibition of the terminals of the LH GABA neurons in ventraltegmental area (VTA) facilitates learning about reward-paired cues. These results suggest that the LH GABA neurons are critical for storing and later disseminating information about reward-predictive cues.
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In Brief
Sharpe et al. show that LH GABA neurons are critical for acquisition and storage of cue-reward associations. Furthermore, LH GABA neurons relay cue-elicited expectancies to VTA to regulate future learning. This challenges current dogma, which argues that LH produces motivated output as dictated by forebrain regions or hormonal imbalance.
SUMMARY
Eating is a learned process. Our desires for specific foods arise through experience. Both electrical stimulation and optogenetic studies have shown that increased activity in the lateral hypothalamus (LH) promotes feeding. Current dogma is that these effects reflect a role for LH neurons in the control of the core motivation to feed, and their activity comes under control of forebrain regions to elicit learned food-motivated behaviors. However, these effects could also reflect the storage of associative information about the cues leading to food in LH itself. Here, we present data from several studies that are consistent with a role for LH in learning. In the first experiment, we use a novel GAD-Cre rat to show that optogenetic inhibition of LH g-aminobutyric acid (GABA) neurons restricted to cue presentation disrupts the rats' ability to learn that a cue predicts food without affecting subsequent food consumption. In the second experiment, we show that this manipulation also disrupts the ability of a cue to promote food seeking after learning. Finally, we show that inhibition of the terminals of the LH GABA neurons in ventraltegmental area (VTA) facilitates learning about reward-paired cues. These results suggest that the LH GABA neurons are critical for storing and later disseminating information about reward-predictive cues.
INTRODUCTION
The motivation to approach particular foods is a learned process [1] [2] [3] [4] [5] [6] [7] . Indeed, the learned aspects of eating support a billiondollar advertising industry. The golden arches of McDonald's send children into a frenzy on the way back from football games, and the distinctive red and white cans of Coca-Cola can be seen in hands around the world. Even in the absence of advertising slogans, the smell of coffee will not instill a craving for caffeine until it has saved you from a morning of unproductivity. In fact, the most basic information about the reinforcing aspects of food is learned [1] [2] [3] [4] [5] : newborn rats do not seek water when they are dehydrated; they have to experience water when thirsty to learn that it quenches their thirst [1] [2] [3] [4] [5] . The sight and smell of particular foods and drinks only acquire their ability to motivate behavior via a learned process where their intake relieves the physiological need for sustenance [6, 7] .
With the psychological nature of eating in mind, it is surprising that research investigating the neural substrates involved in feeding undervalue the potential importance of learning mechanisms and instead tend to describe these systems primarily in reference to the innate motivational drive to feed [8] [9] [10] [11] [12] [13] [14] [15] . For example, findings that electrical stimulation of lateral hypothalamus (LH) increases feeding are often used as evidence that this region is a switch for producing the core motivational drive to approach and consume food [8, 10, 11, 16, 17] . Indeed, a role for LH as an output nucleus devoid of learning is pervasive in many studies that have identified a role for LH in appetitive behaviors [9, [18] [19] [20] [21] [22] ].
Yet these effects could easily reflect a more complex learning process in LH itself. Though it is often not noted, in early stimulation studies, rats and mice only show an effect of LH stimulation on food consumption if they have previously experienced eating in the experimental setting [17, 23, 24] . This is consistent with the notion that stimulation does not just promote indiscriminate feeding but rather impacts on learning to approach particular foods. Further, given the choice, rodents will opt to consume the food previously paired with stimulation rather than another familiar food [17, 23, 25, 26] , showing lasting effects of stimulation on food preference. These results suggest that LH stimulation does not automatically produce feeding behaviors. Instead, LH may be involved in the process whereby the rewarding aspects of eating become associated with the specific sensory properties of those foods so that these sensory properties are subsequently able to control motivated behavior to approach and consume the food.
Although some have suggested a role for LH in the psychological aspects of feeding [25, [27] [28] [29] [30] [31] [32] , this idea has not received widespread acceptance in the field at large. Perhaps part of the reason is that it has been difficult to dissociate a role for this nucleus in learning about food-associated cues from the more traditional role in the production of motivated behavior to approach and consume the food. This is because techniques used to perturb neural activity have traditionally lacked the temporal resolution to distinguish between these accounts; neural activity could only be manipulated across both presentation of food-associated cues and consumption of the food itself. However, optogenetics provides a tool to overcome this hurdle. Recent studies using these techniques have focused on the neuronal specificity of the original LH stimulation effects. Such research has been very valuable in showing us that g-aminobutyric acid (GABA) neurons are the neuronal population underlying LH-dependent feeding [8, 25] . GABAergic neurons send and receive dense projections from the ventral-tegmental area (VTA) [25, 32] ; thus, they are well positioned to play a role in learning. But any such role remains largely speculative.
Here, we took advantage of a newly developed GAD-Cre rat, described in this report, to test this question. In three experiments, we optogenetically inhibited LH GABAergic neurons during a cue-food learning task. In each case, the neurons were inhibited only during cue presentation and not during the subsequent food-delivery period. In one experiment, we inhibited the cell bodies in LH during learning and tested effects in a final probe test without any inhibition. We found reduced responding to the cue with no effects on subsequent responding to or consumption of the food. These results suggest a role for the LH GABA neurons in learning to associate specific sensory information with the rewarding effects of food consumption. In the second experiment, we inhibited the cell bodies in LH only in the final probe test after normal learning. We again found a selective reduction in responding to the cue, showing a role for LH GABA neurons in the expression of the learned information, consistent with an involvement in its storage. Finally, in a third experiment, we inhibited the terminals of the LH GABA neurons in VTA during learning. We found increased responding to the cue, an effect we interpret as showing that reward predictions signaled by LH GABA neurons are contributing the changes in error signaling by VTA dopamine neurons during learning. According to this hypothesis, preventing this signal from reaching VTA produces excessive error signaling, driving the greater learning about the antecedent reward-predictive cue. Together, these studies provide convincing evidence demonstrating that LH GABA neurons are critical for storing and later disseminating information about reward-predictive cues.
RESULTS
The GAD-Cre Rat To enable the selective labeling and manipulation of GABAergic neurons in the rat brain, we developed a transgenic rat on a Long-Evans background. This rat expresses Cre recombinase from the glutamate decarboxylase 1 (GAD1) promoter-one of two genes encoding the GAD enzyme that converts glutamate to GABA. A bacterial artificial chromosome (BAC) containing the rat GAD1 gene was recombined to express Cre-recombinase in place of the GAD67 protein encoded by GAD1 gene (see Figure 1A ) and microinjected into rat embryos, resulting in 3/75 founder rats. Only one of the three founder rat lines, LETg(GAD1-iCre)3Ottc (referred to as ''GAD-Cre'' rat herein) had a single copy of the Cre transgene per rat genome and demonstrated relatively high co-expression of Cre and GAD1 mRNA in the midbrain (76% ± 11%), LH (80% ± 6%), and brainstem (85% ± 6%; see Figure S1 and STAR Methods). The same analysis in the anterior cingulate cortex, however, revealed lower fidelity of co-expression between Cre and GAD1 mRNA (32% ± 8%; data not shown). Injection of AAV-EF1a-DIO-Nuc-eYFP (nYFP), a Cre-dependent AAV expressing nuclear-localized yellow fluorescent protein, into several brain regions resulted in subset of nYFP-expressing cells. Co-labeling of nYFP-injected brain sections for GAD1 mRNA by fluorescence RNA in situ hybridization showed that the majority (87% ± 10%) of nYFP-protein-expressing cells expressed GAD1 mRNA in the LH (see Figures 1B-1E) and midbrain (see Figure S3 ). We also used this method to clarify whether our infected cells expressing GAD1 expressed other markers of GABA neurons. We found a high degree of co-localization between nYFP-expressing cells and expression of both GAD2 and the vesicular GABA transporter (VGAT) (91% ± 7%; see Figures 1F-1I ). In addition, analyses of endogenous co-expression of these markers revealed high co-localization of GAD1 and GAD2 (100% ± 0%), GAD1 and VGAT (100% ± 0%), and GAD2 and VGAT (98% ± 2%; see Figure S2) , and there was a very low co-localization with VGAT and the vesicular glutamate transporter (VGLUT2) (1% ± 1%) (see Figure S2) , showing that the GABAergic neurons in the LH are a different population of cells than the glutamate-releasing neurons in the LH. These analyses show that there is a high co-expression of both Cre and GAD1 throughout the brain and demonstrate that GAD1 cells have a GABAergic phenotype.
We also wanted to ensure that LH GABAergic neurons do not express MCH or ORX, two peptides that have been extensively studied in LH [8, 27] . Similarly to other recent studies in mice [8] , we found little overlap between neurons infected with eYFP and cells releasing MCH or ORX (1.2% and <1% of eYFP+ neurons also stained for MCH [n = 6] and ORX [n = 3], respectively; see Figures  1J and 1K ). These data support the proposal that the effects found behaviorally in the following sections were due to a specific manipulation of GABAergic neurons that did not co-release MCH or ORX.
Finally, to confirm that light does inhibit the firing of cells containing AAV-EF1a-DIO-eNpHR3.0-eYFP (NpHR) in these GAD-Cre rats, we also performed ex vivo electrophysiology. Exposure to light inhibited firing in NpHR-eYFP+ LH neurons following depolarizing current injection but had no effect on firing frequency in NpHR-eYFP-LH neurons (mean % inhibition [ Figure 2B , right). Further, we also wanted to confirm that neurons expressing Cre are capable of releasing GABA. To do this, we recorded post-synaptic GABA A -mediated currents downstream in VTA while stimulating LH GABA neurons infected with AAV-DIOEF1a-ChR2-eYFP (ChR2). We found that stimulating LH GABA increased inhibitory post-synaptic currents (IPSCs) in VTA, which were blocked by the addition of the GABAergic antagonist picrotoxin (PTX) ( 
GABAergic Projections from LH
A Cre-dependent AAV expressing membrane-localized GFP, AAV-EF1a-DIO-Mem-AcGFP, was injected into the LH of the GAD-Cre rats to label GABAergic neurons, including their projections. We used the TissueCyte system, a whole-brain imaging system that couples a two-photon microscope with serial sectioning by vibratome [33] . Following a unilateral injection into the LH, membrane-GFP was detected ipsilaterally with minimal cortical labeling on the contralateral side. This showed intense membrane-GFP labeling in LH and lateral habenula, amygdala (see Figure 3D) , and the bed nucleus of the stria terminalis (see Figure 3C ). Membrane-GFP labeling was observed in VTA within the parabrachial pigmented area (see Figure 3E ), septal regions (see Figure 3B ), and ventral-lateral periaqueductal gray (see Figure 3F ), and lateral infralimbic (IL) and prelimbic (PL) cortices (mPFC; see Figure 3A ). Collectively, these data demonstrate that unilateral injection of AAV serotype 1, encoding a membrane GFP, into the of LH of GAD-Cre rats results in ipsilateral fluorescent labeling that extends both anterior and posterior while remaining along the medial wall (see also Movies S1 and S2).
Optogenetic Inhibition of LH GABA Neurons Attenuates the Acquisition and Expression of Pavlovian Associations In the behavioral experiments described below, we first trained all rats to enter the food port, where they received 30 45-mg sucrose pellets across a 1-hr period. As food is delivered, rats can hear the auditory turn of the pellet dispenser, and they learn that this predicts pellet delivery during this food-shaping session. Following food-cup shaping, rats underwent conditioning for 12 sessions. In each session, rats received six trials each of two 10-s auditory cues presented individually (tone or siren; counterbalanced): one was immediately followed by delivery of two sucrose pellets (termed the ''CS+''), and one was presented without food (termed the ''CSÀ''). As rats learn that the CS+ reliably predicts food, they spend more time in the food port in anticipation of food during presentation of the CS+. This is the dependent variable. After conditioning, rats received an extinction test. Here, both cues were presented individually without food. This test was designed to examine the rats' ability to predict food delivery without reward feedback. In our first experiment, we optogenetically inhibited LH GABA neuron activity during presentation of both the CS+ and CSÀ during conditioning. In our second experiment, we inhibited LH GABA activity during the cue test after normal conditioning. In both experiments, we used two groups of rats in a factorial experimental design with the between-subjects factors of virus type (NpHR and eYFP) and the within-subjects factor of cue (CS+ and CSÀ). Thirty-two Long-Evans GAD-Cre rats were trained in these experiments. Prior to training, all rats underwent surgery to inject virus and implant optic fibers targeting the LH. AAVEF1a-DIO-eNpHR3.0-eYFP [34] (NpHR; n = 16) or AAV-EF1a--DIO-eYFP (eYFP; n = 16) was injected into the LH of GAD-Cre rats (see Figures 4A and 4B ). After surgery and recovery, rats were food restricted until their body weight reached 85% of baseline, and then they began conditioning.
Effect of Optogenetic Inhibition of LH GABA Neurons on Acquisition of Pavlovian Associations
In the first experiment, we delivered the laser continuously into the LH of all rats (532 nm; 16-18 mW output; Shanghai Laser & Optics Century) during presentations of both cues. Rats in the eYFP group learned to approach the food cup during cue presentation. This was evident as an increase in time spent in the food port during presentation of the CS+ relative to the CSÀ across sessions (see Figure 5A ). Rats in the eYFP group also spent more time in the food cup during presentation of the CSÀ relative to baseline rates (when no stimulus was presented; see Figure 5A ). This generalization of learning from the CS+ to the CSÀ is not unusual for cue-food learning tasks, particularly when using cues in the same modality as we did here [35] . By the final day of conditioning, the eYFP rats were spending a higher proportion of time in the food port during presentation of the CS+ than during presentation of the CSÀ (see Figure 5A ).
In contrast, inhibition of LH GABA neurons during cue presentation impaired learning in rats in the NpHR group. This was evident as a significant reduction in time spent in the food port during presentation of the CS+ throughout conditioning (see Figure 5B ). Interestingly, the NpHR rats showed some generalization of learning to the CSÀ, and responding to the CSÀ was also reduced in NpHR rats relative to the eYFP group (see Figure 5B) . This suggests that the generalization of learning across the two cues was similarly susceptible to LH GABA inhibition. Importantly, an effect of LH GABA inhibition on CSÀ responding is to be expected if inhibiting these neurons affects learning, because this generalized responding is also learned (as indicated by higher levels of responding during presentation of this cue relative to the pre-CS baseline period). There was no impact of the inhibition on responding in the baseline pre-CS period, as compared with the eYFP group.
Statistical analyses supported these observations. A threefactor ANOVA (cue 3 session 3 group) of time spent in the food port across conditioning sessions during the CS+, CSÀ, and baseline pre-CS period showed a main effect of cue (F (2,28) = 56.3; p < 0.01), session (F (11,154) = 2.5; p < 0.01), and group (F (1,14) = 5.2; p < 0.04). There were also significant interactions between cue and group (F (2,28) = 3.6; p < 0.05) and cue and session (F (22,308) = 3.2; p < 0.01). Follow-up pairwise comparisons showed the source of the interaction between cue and group was due to a significant between-group difference in responding to the CS+ (F (1,14) = 5.8; p < 0.05), a trend toward a reduction in responding to the CSÀ (F (1, 14) = 3.9; p < 0.07), and no difference in responding during the baseline pre-CS period (p > 0.1). A two-factor ANOVA (cue 3 group) on responding during the CS+ and CSÀ on the last day of conditioning showed a main effect of cue (F (1,14) = 8.8; p < 0.01) and no significant interaction between cue and group (p > 0.1) but rather a main effect of group (F (1, 14) = 5.9; p < 0.05).
Critically, in marked contrast to the deficit in time spent in the food port during presentation of the CS+ or the CSÀ in the NpHR group relative to the eYFP group, rats in both groups spent an equally high proportion of time in the food port during food delivery after presentation of the CS+ (see Figures 5C and  5D ). That is, after termination of the CS+, rats in the NpHR group heard the audible turn of the pellet dispenser during food delivery and were motivated to enter the food port and consume the food. Thus, the deficit in responding during the CS+ and CSÀ in the NpHR group occurred despite normal food consumption immediately after termination of both the CS+ and the laser. A two-factor ANOVA (cue 3 group) on time spent in the food port during food delivery on the last day of conditioning showed a main effect of cue (F (1,14) = 11.7; p = 0.004) but no (A) Top: there was no effect of light on firing rate following depolarizing current injection in LH neurons not expressing NpHR-eYFPÀ (eYFPÀ; n = 3). However, in NpHR-eYFP+ LH neurons (n = 4), introduction of light during depolarizing current injection inhibited firing. Bottom: resting membrane potential in NpHR-eYFPÀ neurons is unchanged by light exposure (mean ± SEM; À0.22 ± 0.25 mV; n = 6), whereas resting membrane potential is hyperpolarized in NpHR-eYFP+ neurons (mean ± SEM; À15.23 ± 3.2 mV; n = 4). Following conditioning, all rats were given a test in which both cues were presented without food delivery. This test was designed to investigate whether the earlier deficit in responding in the NpHR group in fact reflected a failure to learn or was simply due to a temporary decline in motivation or inhibition of locomotor behavior produced by LH GABA inhibition during the conditioning sessions. Thus, no laser was delivered during this test, ensuring that LH GABA neurons could function normally in all rats. Consistent with an impairment in learning, the NpHR group continued to spend significantly less time in the food cup during presentations of both the CS+ and CSÀ than did rats in the eYFP group ( Figures 5E and 5F ). Accordingly, a two-factor ANOVA (cue 3 group) showed a main effect of cue (F (1, 14) = 15.7; p < 0.01), a main effect of group (F (1.14) = 15.7; p < 0.01), and no interaction (p > 1).
Effect of Optogenetic Inhibition of LH GABA Neurons on Expression of Pavlovian Associations
Our first experiment demonstrated that LH GABA neurons are necessary for hungry rats to learn to associate sensory information with the rewarding aspects of food. Specifically, we found that optogenetic inhibition of LH GABA neurons during conditioning disrupted the ability of rats to learn to expect delivery of food following presentation of a cue that predicted food delivery. These results suggest a reinterpretation of the more conventional role of LH in promoting motivated output as reflecting AAV1-EF1a-DIO-mem-AcGFP was injected into the LH, and brain tissue was imaged 2 weeks later using whole-brain TissueCyte system. There was intense membrane-GFP labeling in LH and lateral habenula and amygdala (D) and in the bed nucleus of the stria terminalis (C). Membrane-GFP labeling was also observed in VTA within the parabrachial pigmented area (E), septal regions (B), ventral-lateral periaqueductal gray (F), and lateral infralimbic (IL) and prelimbic (PL) cortices (mPFC; A). Views of stitched fields of coronal sections are shown. The scale bar represents 2 mm. See also Movies S1 and S2 for LH GABA projections throughout the brain, and Figure S3 for VTA GABA projections.
learning. However, they do not distinguish between a restricted role in learning and a broader role in the storage of the associative information in the LH GABA population itself. To examine this question, we allowed rats to acquire a cue-food association normally, using the same behavioral training procedure as our first experiment and then we inhibited LH GABA neurons during cue presentation in the extinction test after conditioning. If LH GABA neurons are involved in storing these learned associations, then inhibiting these cells during cue presentation should also disrupt cue-elicited foodport entry. During conditioning, all rats acquired the conditioned response of entering the food port during cue presentation. This was indexed by greater time spent in the food port during CS+ presentation relative to CSÀ presentation as conditioning progressed. There were no group differences in rates of learning or time spent in the food port during presentations of the cues across learning (see Figures 6A and 6B ). The rats again spent more time in the food port during presentation of the CSÀ relative to the baseline pre-CS period (see Figures 6A and 6B ), suggesting that, as in experiment 1, there was some generalization of learning across the auditory cues. Nevertheless, by the final session of conditioning, all rats were exhibiting robust levels of responding during presentation of the CS+ relative to the CSÀ (see Figures 6A and 6B) . A three-factor ANOVA (cue 3 session 3 group) on time spent in the food port across conditioning sessions during the CS+, CSÀ, and pre-CS baseline period showed a main effect of cue (F (2,28) = 57.6; p < 0.01) and session (F (11,154) = 3.8; p < 0.01) but no main effect of group (p > 0.1). There was a significant interaction between cue and session (F (22,308) = 3.8; p < 0.01) but no other significant interactions (p > 0.1). A two-factor ANOVA (cue 3 group) on responding during the CS+ and CSÀ on the last day of conditioning showed a main effect of cue (F (1, 14) = 30.0; p < 0.01) but no interaction with group or any main effect of group (p > 0.1). Additionally, on the final day of conditioning, all rats spent a high proportion of time in the food cup during food delivery after presentation of the CS+, and there were no differences between groups (see Figures 6C and 6D) . A two-factor ANOVA (cue 3 group) showed a main effect of cue (F (1, 14) = 81.9; p < 0.01) but no main effect or any interaction with group (p > 0.1).
Following conditioning, all rats were given a test in which both cues were presented without food delivery. In this test session, we delivered the laser continuously into the LH of all rats (532 nm; 16-18 mW output) during presentation of both cues. We found that our NpHR group spent significantly less time in the food port during presentation of both the CS+ and CSÀ than did rats in the eYFP group ( Figures 6E and 6F ). Accordingly, a two-factor ANOVA (cue 3 group) showed a main effect of cue (F (1, 14) = 15.9; p < 0.01) and a main effect of group (F (1,14) = 5.2; p < 0.05) but no interaction between these factors (p > 0.1). Combined, these experiments show that LH GABA neurons are critically involved in both the acquisition and expression of cue-reward associations.
Optogenetic Inhibition of LH GABA Neurons Does Not Affect Locomotor Activity
We found that the deficit in responding during conditioning in experiment 1 was maintained in an extinction test without laser-mediated inhibition of LH GABA neurons. This suggests that the reduction in responding during conditioning was indeed the result of a deficit in acquiring associative information rather than a deficit in locomotor activity. To confirm that there was no effect of LH GABA inhibition on locomotor activity, we implanted fiber optics into the LH of rats with bilateral expression of NpHR also in LH. These rats were placed in the chambers used for the appetitive procedures described above, equipped with four infrared photobeams to register movement in the box, and we activated the laser for 10-s periods. A comparison of locomotion activity during the laser period with that during the 10-s periods immediately before and after the laser was delivered found no change in locomotion (ANOVA across the three time periods, F < 1; see Figure S4 ).
Inhibition of the Terminals from LH GABA Neurons in VTA during Learning Facilitates the Development of Cue-Food Associations Experiments 1 and 2 indicate that LH GABA neurons are involved in the acquisition and storage of learned cue-food associations. One major projection of these neurons, evident in our characterization of their targets (see Figure 3) , is the VTA. VTA dopamine neurons are proposed to signal reward predictions to mediate learning about reward-paired cues [36] . These neurons fire in proportion to the discrepancy between the actual and predicted reward. Blocking input about predicted reward during learning should result in larger error signals. We reasoned that if LH GABA neurons signal these reward predictions, then preventing this information from being received in VTA might result in increased rather than decreased learning. That is, if we could selectively deprive the VTA of these predictions (while leaving LH GABA cell bodies and any other regions involved in this process online and free to store learned associations between the cue and reward), then this might result in greater learning about the antecedent cue. To investigate this hypothesis, we again trained rats in our simple cue-reward procedure, inhibiting the terminals of LH GABA in VTA during the presentation of both cues and not reward delivery.
We used two groups of rats in a factorial experimental design with the between-subjects factors of virus type (NpHR and eYFP) and the within-subjects factor of cue (CS+ and CSÀ). Twenty Long-Evans GAD-Cre rats were trained in these experiments. Prior to training, all rats underwent surgery to inject virus into LH and implant fiber optics targeting the VTA. AAV-EF1a-DIOeNpHR3.0-eYFP (NpHR; n = 9) or AAV-EF1a-DIO-eYFP (eYFP; n = 11) was injected into the LH of GAD-Cre rats (see Figure 4C) . After surgery and recovery, rats were food restricted until their body weight reached 85% of baseline, and then they began conditioning. An important difference between this experiment and the previous two experiments is that we gave the rats only one conditioning session a day instead of two per day in experiments 1 and 2. The purpose of this manipulation was to slow rates of learning to more clearly observe the proposed facilitation of learning that this manipulation will produce.
Rats in the eYFP group learned to approach the food cup during cue presentation, exhibiting an increase in time spent in the food port during presentation of the CS+ relative to the CSÀ across sessions (see Figure 7A) . Rats in the eYFP group also spent more time in the food cup during presentation of the CSÀ relative to baseline rates (see Figure 7A) . As expected, rates of learning were slower in this experiment relative to experiments 1 and 2 (see Figures 5A and 6A) . Regardless, by the final day of conditioning, the eYFP rats were spending a higher proportion of time in the food port during presentation of the CS+ than during presentation of the CSÀ (see Figure 7A) .
Rats in the NpHR group demonstrated a similar pattern of responding, also learning to approach the food cup during the CS+ during conditioning. However, over the sessions the NpHR rats showed higher levels of responding during CS+ presentation than the eYFP control group (see Figure 7B ).
These observations were confirmed by statistical analyses. A three-factor ANOVA (cue 3 group 3 session) on responding during the CS+ and CSÀ elicited a main effect of cue (F (1,18) = 28.8; p < 0.001), a main effect of session (F (6,108) = 7.5; p < 0.001), a The figures show percent time spent in the food port (mean ± SEM) during cue presentation (A and B) or reward delivery (C and D) during conditioning or cue presentation during the extinction test (E and F). Despite normal levels of responding during reward delivery demonstrating that all rats experienced the cue and reward in close temporal succession, inhibition of LH GABA neurons (NpHR group) attenuated learning. This effect was maintained in an extinction test without laser-mediated inhibition of LH GABA neurons. See also Figure S4 . cue 3 session interaction (F (6,108) = 14.1; p < 0.001), and a threeway cue 3 group 3 session interaction (F (6,108) = 3.0; p < 0.02). Further, a cue 3 group analysis of data from the final session of conditioning elicited a significant main effect of cue (F (1, 18) = 36.7; p < 0.001) and a significant cue 3 group interaction (F (1,18) = 6.8; p < 0.02) but no main effect of group (F (1,18) = 2.8; p = 0.11) Thus, rats in the NpHR group exhibited higher levels of responding to the CS+ in the later stages of conditioning, as if the LH GABA relays an expectation signal to VTA to regulate the dopaminergic teaching signal.
This between-group difference in responding during cue presentation occurred despite normal levels of responding during reward delivery (Figures 7C and 7D) . A cue 3 group ANOVA on responding in the food cup during reward elicited a main effect of cue (F (1, 18) = 112.3; p < 0.001) but no cue 3 group interaction (F (1,18) = 0.8; p = 0.38) or any main effect of group (F (1,18) = 1.3; p = 0.27). Thus, increased conditioned responding to the CS+ was not secondary to elevated responding to the reward.
To confirm that the increased conditioned responding reflected learning, we subsequently continued conditioning the rats for several sessions without laser-mediated inhibition of LH GABA terminals in VTA. During the early sessions, we found that the elevation in responding to cue presentation in NpHR rats was maintained, demonstrating that the greater responding toward the cue in the NpHR group was due to a lasting impact of inhibition of the LH GABA terminals in VTA on learning about cue-reward associations ( Figure 7E versus 7F, early) . A cue 3 group 3 laser ANOVA comparing responding during the final two sessions of conditioning with the laser and the early sessions without the laser elicited a significant main effect of cue (F (1, 18) = 33.7; p < 0.001) and a cue 3 group interaction (F (1,18) = 6.4; p < 0.021) but no group 3 laser interaction (F (1,18) = 0.4; p = 0.524).
However, with continued training in the absence of inhibition, responding in controls caught up with that in the NpHR rats (Figure 7E versus 7F , late) such that a comparison with the end of the laser training yielded a main effect of cue (F (1,18) = 27.6; p < 0.001), a cue 3 laser interaction (F (1,18) = 12.6; p < 0.02), and a significant three-way cue 3 group 3 laser interaction (F (1,18) = 9.5; p < 0.01). This demonstrated that the change in responding to the CS+ across the conditioning sessions without the laser in the eYFP group was not seen in the NpHR group. In summary, these data are consistent with the hypothesis that LH GABA sends predictions about upcoming food reward to the VTA, and this signal regulates learning about reward-paired cues.
DISCUSSION
Validation of the GAD-Cre Rat Here, we have described the creation of a novel transgenic rat that expresses Cre-recombinase under the control of The figures show percent time spent in the food port (mean ± SEM) during cue presentation (A and B) or reward delivery (C and D) during conditioning or cue presentation during the extinction test (E and F). All rats acquired the conditioned response in the absence of laser-mediated inhibition of LH GABA neurons. However, when LH GABA was inhibited in the extinction test after normal learning has taken place, rats without LH GABA activity (NpHR group) showed a significant reduction in responding toward the predictive cue. See also Figure S4 . the GAD-1 promoter. Our characterization of the rat primarily focused on the GABAergic neurons of the LH; however, we also surveyed other brain regions for the expression of Cre recombinase by fluorescent in situ hybridization and functional recombination of AAV vectors containing Cre-dependent fluorescent proteins. Overall, we saw a high degree of overlap between Cre expression and GAD1 mRNA in the LH, midbrain, and brainstem. Further, we found a high degree of co-localization between GAD1, GAD2, and VGAT mRNA in LH, demonstrating that GAD1 cells in LH have a GABAergic phenotype. Additionally, we have also characterized the GABAergic projections from LH to the rest of the brain. These LH GABA projections include the VTA, LHb, bed nucleus of the stria terminalis, and septal regions. Thus, the GAD-Cre rats represent a powerful tool for studying GABAergic neurons and their projections in the rat, although future studies should validate Cre expression in the brain region of interest.
Inhibition of LH GABA Neurons during Cue Presentation and Not Reward Disrupts the Encoding and Retrieval of Learned Cue-Reward Associations
Using these rats, we found that optogenetic inactivation of LH GABAergic neurons during presentation of a neutral cue disrupted the ability of rats to learn to use the cue to predict food delivery. This reduction occurred despite normal behavior (food cup entry and food consumption) when the food was delivered immediately after cue presentation, suggesting that all rats experienced the rewarding aspects of food presentation similarly. Nevertheless, inactivation of LH GABA neurons prevented the cue from acquiring the ability to motivate the learned response to approach the reward location. This deficit persisted in a test session, in which the LH GABA neurons were not inhibited, demonstrating that the impairment was not due to a transient effect of inhibition on motivation, sensory perception, attention, or locomotor activity, instead suggesting that inactivation impaired the ability of animals to acquire the underlying cuereward association. Further, inhibition of LH GABA neurons only during the test session after normal learning also reduced the ability of the reward-paired cue to motivate food seeking. Thus, the effect of inhibiting LH GABA neurons during learning was not secondary to loss of learning downstream. Overall, these data indicate that LH GABA neurons are part of a circuit that stores the association between the sensory stimulus and food reward.
The motivation to approach a particular food is the result of a learning process whereby the sensory properties of the food-its sight, smell, and texture, for example-become associated with the rewarding aspects of its consumption [1-3, 6, 7]. For The figures show percent time spent in the food port (mean ± SEM) during cue presentation (A and B) or reward delivery (C and D) during conditioning with lasermediated inhibition of LH GABA terminals in VTA or during cue presentation in conditioning without laser-mediated inhibition of LH GABA terminal in VTA (E and F). Rats in the NpHR group demonstrated significantly greater learning when LH GABA terminals in VTA were inhibited during conditioning. However, when this inhibition was released, these rats ceased learning.
example, newborn rats do not seek water when they are dehydrated, they have to experience water when thirsty to learn that it quenches their thirst [1, 3] . Viewed in this light, a parsimonious account of current and prior results would involve LH GABA neurons in the process whereby specific sensory information, whether direct attributes of food reward or artificial cues paired with the foods, become predictive of the rewarding aspects of food consumption. Here, we specifically used a Pavlovian conditioning procedure so that we could temporally separate the cue and food and dissociate a role for LH in the motivation to feed and learning about food associates. However, we would expect that inhibition of activity of LH GABA neurons would generally reduce learning about all predictors of food, even when these predictors are part of the food itself.
The extension of current general models of LH function to encompass a role for LH in learning to associate the sensory properties of a food with its rewarding aspects allows us to reinterpret previous data showing that optogenetic stimulation of LH GABA neurons increases an approach to food and food consumption [8, 37] . These studies have shown that stimulation of LH GABA neurons increases time spent in an area of an open field baited with food and food consumption. Considering the present data, it may be that this increase reflects an enhanced representation of a place-food association that affects the learned response to approach the food location and consume food. In support of this interpretation, one study also showed that activity in LH GABA neurons when mice were in the food location increased with experience in the open arena [37] . That is, activity in these neurons appeared to increase as mice learned the location of the food. Whereas this activity was interpreted as reflecting a role for LH GABA in encoding appetitive responses [37] , it could equally well reflect the acquisition of associative information linking the sensory stimuli (e.g., cues and places but also smell, taste, texture, etc.) with the rewarding aspects of food consumption, which then allows these stimuli to control appetitive behaviors.
Inhibition of LH GABA Terminals in VTA during Cue Presentation and Not Reward Facilitates Learning of Cue-Reward Associations
The last experiment demonstrated that inactivation of the terminals of LH GABA neurons in VTA during cue presentation facilitated learning. This paradoxical effect can be understood if cue-evoked reward predictions acquired by the LH GABA neurons are sent to VTA to modulate dopaminergic error signaling [36] . According to this hypothesis, inhibition of the projections from LH GABA neurons to the VTA during the reward-paired cue deprived the VTA of the cue-elicited expectation of reward accumulating in LH GABA neurons, leading to the preservation of prediction error signaling by VTA dopamine neurons at the time of reward. Because activity in LH GABA neurons-and other neuronal structures involved in learning, e.g., basolateral amygdala (BLA) [38] [39] [40] [41] and nucleus accumbens (NaCC) [19, 42] -remained online during inhibition of their terminals in VTA, they would be free to store the enhanced learning about the cue caused by the excessive prediction errors across conditioning. Thus, information acquired by LH GABA neurons during Pavlovian conditioning acts not only to support real-time foodseeking behavior, at the level of the LH, but is also deployed to VTA to adjust learning and affect future responding to the same food associates. This is as it should be if LH GABA neurons are part of a core circuit for acquiring and using associative information.
Importantly, this result is not at odds with recent reports implicating the LH/ VTA pathway in approach to reward [25, 43] . For example, Nieh et al. [25] have shown that optogenetic manipulation of LH neurons projecting to VTA modulates the willingness of mice to cross a shock grid to obtain reward after learning. Interestingly, in this same study, more selective stimulation of the LH GABA projections to VTA failed to produce any change in ongoing behavior. Together with our data, this suggests that the function of LH GABA neurons projecting to VTA in learning and motivation is best described as a circuit that signals reward predictions to the VTA for the purposes of learning, but not for driving behavior.
Notably, the information provided by LH GABA neurons to the VTA is qualitatively different from that provided by other areas that send input regarding to VTA and the dopamine neurons. For example, orbital frontal cortex (OFC) provides VTA with information about complex aspects of the task that must be inferred to predict the future value of reward [44] , and the ventral striatum contributes learning about the duration of task states [45] . Contrary to recent suggestions [46] , this shows that VTA neurons do receive qualitatively different types of associative information from multiple sources. Understanding how dopaminergic (and other) neurons in the VTA integrate input from the LH GABA neurons and these other sources, and return it to update these various representations, is an important future goal.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS KEY RESOURCES TABLE CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by Geoffrey Schoenbaum (geoffrey.schoenbaum@nih.gov). Requests for the transgenic rat can be referred to Brandon Harvey (brandon.harvey@nih.gov).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
d As stated multiple times below in various relevant places, all experimental procedures were conducted in accordance with NIH Guidelines and were approved by the Animal Care and Use Committee at the NIDA-IRP. 
METHOD DETAILS
Characterization of the GAD-Cre rat Transgenic DNA constructs The GAD1-Cre BAC (pOTTC335) was recombineered using the bacterial artificial chromosome (BAC) clone #CH230 -24D16 (Children's Hospital Oakland Research Institute, Oakland, CA) which carries a 245 kilobase fragment of rat genomic DNA containing the Gad1 locus flanked by endogenous sequences (167 kilobases upstream and kilobases downstream ( Figure 1A) . The original BAC was electroporated into the lambda Red recombination strain SW102 and selected on LB+Chloramphenicol [48] . An isolated colony was heat shocked and electroporated with the GAD1 targeting donor template, a PCR product consisting of a Cre gene cassette encoding iCre [49] , the bovine growth hormone poly-adenylation signal, and a galK selectable marker, flanked by homologous arms corresponding to the 50 nucleotides flanking each side of the GAD1 start codon. Transformants were selected on MacConkey's plates containing galactose, and screened for targeted integration into GAD1 locus by PCR genotyping and sequencing.
pAAV EF1a DIO Mem-AcGFP (Addgene #75081) was constructed by ligation-independent cloning, using pOTTC591 (Addgene #59134) as a template for PCR amplification and pOTTC374 (Addgene #47626) as a backbone. pAAV EF1a DIO Nuc-eYFP (Addgene #75082) was constructed by ligation-independent cloning, using pOTTC589 (Addgene #59133) as a template for PCR amplification and pOTTC374 (Addgene #47626) as a backbone. Transgenic rat production All animal procedures were performed in accordance with National Institutes of Health Animal Care Guidelines. Female Long Evans rats were obtained from Charles River Laboratories. After synchronization of their ovulation cycle, these rats were superovulated and mated as previously described [50] . Embryos were harvested and injected with a 3ng/mL solution of the GAD1-Cre BAC. Injected embryos were incubated until the ''blastula stage'' and then transfer into a pseudo-pregnant surrogate female. Embryos were carried to term and ear biopsies were genotyped after weening. Three founder lines were identified and tested for copy number by droplet digital PCR (Bio-Rad, Hercules, CA) and co-expression of Cre/GAD1 by RNAScope. Line 3 was designated ''LE-Tg(GAD1-iCre) 3Ottc'' and registered with the Rat Genome Database (#9588591) and deposited at the Rat Resource and Research Center (RRRC#751; University of Missouri, Columbia MO). Herein, ''LE-Tg(GAD1-iCre)3Ottc'' rats are referred to as ''GAD-Cre'' rats. Rats were bred as Cre+ carriers by wild-type Long-Evans from Charles River Laboratories. Genotyping Two genotyping protocols were used. To identify carriers of iCre with a bGH polyA tail sequence, a 367 bp PCR product resulted from using the forward primer (iCRE F738) 5 0 GTTCTGCCGGGTCAGAAAGAATGG T3 0 and reverse primer (bGHpolyA R30) 5 0 GGCTGGCAACTAGAAGGCAC3 0 after 40 PCR cycles of 94 C À30 s and 68 C -1 min. To confirm carriers specific to GAD and iCre, the reverse primer (500 nM) was replaced with (GAD1 R167672) 5 0 GGTGCCCTGAGAGTAACCTC3 0 to produce a 2158 bp PCR product after 35 cycles of 94 C À30 s, 65 C -30 s and 68 C À1 min. All primers used at 500 nM final. vg/ml). Characterizing GAD-Cre rat by viral injections Male (n = 3) and one female (n = 1) GAD-Cre rat of approximately 5-6 months of age (300-600 g) were stereotactically injected with cre-dependent AAV vectors, AAV EF1a DIO Mem-AcGFP and AAV EF1a DIO Nuc-eYFP into the lateral hypothalamus (AP:-2.4, ML: ± 3.5@10
; angle, DV:-9.0) and midbrain (AP:-5.8, ML: ± 2.0, DV:-7.4). All coordinates in mm relative to bregma and 1.0 mL was infused via 33 G blunt Nanofil syringe (World Precision Instruments) at a rate of 0.5 mL/min with a 2 min wait before withdrawing the needle. Two-three weeks following injections, rats were euthanized and the brains were removed and frozen in isopentane on dry ice for RNAscope analysis or transcardially perfused with 0.9% saline followed by 4% paraformaldehyde processed for histological fluorescence using microscopy or TissueCyte whole brain imaging. Confocal microscopy of fluorescent protein expression was carried out using Nikon Eclipse E800 upright with a Nikon C2 confocal head and Nikon Elements Software. Low-magnification images of fluorescence were acquired using Olympus MVX10 macro zoom. Whole-brain imaging using TissueCyte GAD-Cre rats injected with 0.5 ml AAV1-EF1a-DIO-Mem-AcGFP into right lateral hypothalamus. Two weeks later, rats were transcardially perfused with 4% PFA, brains removed and post-fixed 2 hr and washed with 1xPBS three times. The brain was embedded in 4.5% oxidized agarose (4.5 g agarose in 1xPB solution including 10 mM NacLO4) and incubated in borohydride-borate solution (19 g borax and 3g boric acid to 1 l water, p 9-9.5) for 2-3 hr at room temperature. The brain tissue was positioned on x-y-z stage under a high-speed multiphoton microscope (16x) with integrated vibratome sectioning (TissueCyte 1000, Tissue Vision) and laser (Chameleon Ultra, Coherent Inc). Serial images of 170 coronal sections with interval of 100 mm were automatically taken by TissueCyte software and images were stitched with Fiji software. Using Fiji software, the stitched images were cropped and pixel size (width and height) was scaled up to 50 microns. A proxy for the entire brain volume (blue channel) was extracted from the GFP stack by finding the edges around a binary mask that was thresholded to the level of GFP background fluorescence. The brain volume stack was merged with the GFP stack to create an RGB image which was used to create the 3D projection (360 frames with 1 degree increments).
Behavioral Experiments
Subjects Fifty-two experimentally naive male (n = 24) and female (n = 28) Long-Evans transgenic rats carrying a GAD-dependent Cre expressing system (NIDA animal breeding facility, see above) were used in the Pavlovian conditioning studies. Rats received bilateral infusions of either NpHR (n = 25) or eYFP (n = 27) into the LH with fibers aimed either at the LH (Experiment 1 and 2) or the VTA (Experiment 3). Rats were maintained on a 12 hr light-dark cycle, where all behavioral experiments took place during the light cycle. Rats mRNA probe, iCre mRNA probe and DAPI using Zeiss Axio Imager M2 or Z2. Each image was captured using a EXi Aqua CCD camera (QImaging), or ORCA-Flash4.0 LT sCMOS camera (Hamamatsu), at 20x magnification from 12 mm sections. For Nuc-eYFP and GAD-1 mRNA, GAD2 mRNA, and VGAT mRNA colocalization, a YFP signal associated with DAPI nuclei with three or more mRNA fluorescent dots associated with YFP/DAPI was counted as colocalized. Three sections per region and 3 rats per region were counted. For Cre/GAD1 mRNA colocalization, three Cre mRNA dots associated with single DAPI stained nuclei were assessed as being co-localized.
Surgical and histological procedures used in behavioral studies Surgical procedures have been described elsewhere [53] [54] [55] [56] . Briefly, rats received bilateral infusions of 1ml AAV-EF1a-DIOeNpHR3.0-eYFP (NpHR) or AAV-EF1a-DIO-eYFP (eYFP) into the LH according to the co-ordinates (mm) relative to bregma, AP: À2.4; ML: ± 3.5; DV: À8.4 (female) and À9.0 (male) at an angle of 10 pointed toward the midline [21] . During this surgery, optic fibers were implanted bilaterally (200mm diameter, Precision Fiber Products, CA) in either the LH [AP: À2.4; ML: ± 3.5; DV: À7.9 (female) and À8.5 (male) at an angle of 10 pointed toward the midline] or the VTA [AP:-5.3; À2.61; DV À7.05 (female) and 7.55 (male) at an angle of 15 pointed toward the midline]. At the end of each experiment, rats were euthanized with an overdose of carbon dioxide and perfused with phosphate buffered saline (PBS) followed by 4% Paraformaldehyde (Santa Cruz Biotechnology Inc., CA). Fixed brains were cut in 40mm sections to examine fiber tip position under a fluorescence microscope (Olympus Microscopy, Japan).
Behavioral Procedures Apparatus
Training was conducted in 8 standard behavioral chambers (Coulbourn Instruments; Allentown, PA) individually housed in light-and sound-attenuating chambers. Each chamber was equipped with a pellet dispenser that delivered one 45-mg pellet into a recessed magazine when activated. Access to the magazine was detected by means of infrared detectors mounted across the mouth of the recess. The chambers contained an auditory stimulus generator, which delivered a tone and siren stimulus through a common speaker on the top right-hand side of the chamber wall when activated. A computer equipped with Coulbourn Instruments software (Allentown, PA) controlled the equipment and recorded the responses. Pavlovian conditioning All conditioned stimuli were 10 s in duration, separated by a variable ITI with a mean of 6 min (range = 4-8 min). Two stimuli were used in these experiments (tone, siren). The physical identity of all stimuli was counterbalanced across rats. Stimulus presentation in all phases of the experiments was also fully counterbalanced. On the first day of behavioral training, the rats received food port training where they learned to retrieve pellets from the magazine. During this session, rats received 30 45-g sucrose pellets (Test Diet, NJ; 5TUT) across a one-hour time period. After food port training, the rats received two behavioral sessions (AM and PM) each day. The rats received 12 (experiments 1 and 2) or 14 (Experiment 3) conditioning sessions each consisting of 6 presentations of the two stimuli. During these sessions, termination of cue presentation was followed 1 s later by delivery of two sucrose pellets, designated the CS+. The other stimulus was presented alone without food, designated the CS-. Following conditioning, rats in Experiment 1 and 2 received a cue test where both stimuli were presented 6 (experiment 1) or 8 times (experiment 2) without food. In Experiment 3, rats continued conditioning with the CS+ and CS-for eight more sessions in the absence of the laser. In Experiment 1 and 3, light (532 nm, 16-18 mW output, Shanghai Laser & Optics Century Co., Ltd) was delivered into either the LH or VTA during cue presentations during conditioning. Light delivery began 500 ms prior to cue onset and continued until 500 ms after cue presentation. This was to ensure that cells were affected by light for the duration of the cue presentation [57] . In Experiment 2, light was delivered according to the same parameters across the cue test only. Analyses were conducted on responding in the last 5 s of cue presentation [53, 58] and analyses on time spent in the port during food presentation were conducted over the 2 s after pellet delivery. Locomotion Three experimentally naive male Long-Evans rats carrying a GAD-dependent Cre-expressing system (NIDA animals breeding facility, see main manuscript) were used for the locomotor assays. Rats received bilateral infusions of NpHR aimed at the LH with fibers implanted aiming at the injection site as described in the experimental methods section of the main manuscript. Rats were housed as described above. All experimental procedures were conducted in accordance with the Institutional Animal Care and Use Committee of the US National Institute of Health guidelines. Rats were placed in the chambers used for the Pavlovian conditioning procedure described in the main manuscript which were equipped with four infrared photobeams that recorded a response when the beam was broken (and rat was, therefore, moving around the chamber). Rats received three 25-min locomotor screenings where the laser was presented continuously for a 10 s period 8 times across a session (inter-trial interval between laser periods averaged around a variable 3min mean). Locomotor activity was compared during the laser period to 10 s immediately preceding the onset of the laser and immediately following the offset of the laser. The data were averaged across trials in a session which gave a total of 9 observations for statistical analyses (i.e., each rat had three locomotor scores averaged from each of their three sessions). Data were analyzed as a repeated-measures ANOVA with the three time periods as a factor to compare locomotor activity.
QUANTIFICATION AND STATISTICAL ANALYSES
All statistics were conducted using SPSS 24 IBM statistics package. Generally analyses were conducted using a mixed-design repeated-measures analysis of variance (ANOVA) with the exception of the data represented in Figure 2 which were analyzed using t tests. All analyses of simple main effects were planned and orthogonal and therefore did not necessitate controlling for multiple comparisons. Data distribution was assumed to be normal but homoscedasticity was not formally tested. With the exception of histological analysis, data collection and analyses were not performed blind to the conditions of the experiments. Sample sizes were chosen on the basis of similar prior experiments which have elicited significant results with a similar number of rats. No formal power analyses was conducted.
DATA AND SOFTWARE AVAILABILITY
All data and custom analytical tools are available on request from the Lead Contact, Geoffrey Schoenbaum (geoffrey.schoenbaum@ nih.gov).
